In this paper, a simulation-based system-level conducted susceptibility (CS) testing method for a wireless power transfer (WPT) system is proposed. The proposed method employs 3-dimensional electromagnetic (3D EM) models as well as equivalent circuit models to replace the measurement-based CS testing method based on the International Electrotechnical Commission 61000-4-6 standard. The conducted-noise source and equipment under test (EUT) are modeled in a circuit simulator. The conduction path, bulk current injection probe, and calibration jig are modeled using the 3D field simulator. A simple WPT system is designed and fabricated as the EUT for the CS test. The proposed method is successfully verified by comparing the voltage waveforms with measurement-based CS testing method. Additionally, as an application of the proposed method, a simulation-based evaluation of the conducted-noise filters is conducted. By using the proposed method, it is expected that the time and cost expense of setting up the test setup, as well as the testing procedure for the conventional measurement-based CS testing, will be drastically reduced. In addition, the proposed method can be used to estimate the conducted immunity of a system in the early stage of the design cycle prior to production.
Introduction
Electromagnetic compatibility (EMC) tests for electronic devices have been performed to ensure the proper operation of electronic devices in environments with electromagnetic interference. Among the various EMC tests, conducted susceptibility (CS) tests are performed to examine the immunity of an electronic device against an external interference injected on the conduction path, such as a power cable or a signal line of an electronic device. For immunity testing, a measurement-based evaluation method based on the International Electrotechnical Commission (IEC) standard is currently used as a CS testing method. According to the standard, the CS test for a single integrated circuit (IC) and a system are well defined in the IEC 62132 and IEC 61000-4-6 standards, respectively [1, 2] . These testing methods are based on measurements, which are inefficient with regard to the time and cost required for setting up the test setup, as well as the testing procedure. To overcome the inefficiencies, simulation-based CS testing methods should be employed. Figure 1 shows a system-level CS test setup with the BCI method based on the IEC 61000-4-6 standard. The test setup is composed of a signal generator and power amplifier as a noise source, auxiliary equipment (AE), a BCI probe, a noise injecting device, and the EUT. A signal generator which is capable of covering the frequency band of interest from 150 kHz to 80 MHz and of being amplitude-modulated by a 1 kHz sine wave with a modulation depth of 80% is required [2] . Additionally, the power amplifier may be necessary if the conducted noise is insufficient to meet the noise level as specified in the IEC standard. To use the BCI probe, a decoupling device is used to protect the AE against the impact of conducted noise to ensure the proper operation of the EUT. In the IEC standard, the operation status of the EUT is evaluated depending on the conducted noise. Because the standard is based on measurement, the procedures for setting up the test setup and the testing are inefficient with regard to time and cost.
System-Level Conducted Susceptibility Testing Standard
Additionally, the power amplifier may be necessary if the conducted noise is insufficient to meet the noise level as specified in the IEC standard. To use the BCI probe, a decoupling device is used to protect the AE against the impact of conducted noise to ensure the proper operation of the EUT. In the IEC standard, the operation status of the EUT is evaluated depending on the conducted noise. Because the standard is based on measurement, the procedures for setting up the test setup and the testing are inefficient with regard to time and cost. 
Proposed Simulation-Based Conducted Susceptibility Testing Method
To overcome the inefficiencies of the measurement-based CS testing method, a simulation-based system-level CS testing method is proposed. The proposed method employs 3D EM models of a BCI probe and a calibration jig modeled in an ANSYS High Frequency Structure Simulator (HFSS) to inject the conducted noise into the power cable of the EUT. In addition, equivalent circuit models for a noise source as well as an EUT are presented and combined with the 3D EM models in a circuit simulator to complete the simulation-based CS test platform.
BCI Probe Modeling
To inject the conducted noise into the power cable of the EUT, a BCI probe is used in the proposed method. Because the amplitude of the conducted noise depends on the transfer efficiency of the BCI probe, accurate modeling of the BCI probe is required. In the proposed method, a 3D EM model of a Teseq CIP9136A BCI probe is used.
As the physical properties of the 3D EM model, the frequency-dependent relative permeability of the ferrite core should be modeled in advance [10] [11] [12] . In the actual probe, the relative permeability of the ferrite core affects the frequency response of the BCI probe. As frequency increases, the relative permeability of ferrite drops significantly and the magnetic loss of ferrite increases. Figure 2a shows the cross-sectional view of the ferrite core installed inside the probe, where A (mm 2 ) is the cross-sectional area and l (mm) is the circular length, and the associated relative permeability depending on the dimensions is shown in Equation (1) [13] . To model the frequency dependence of the actual probe, the input impedance of the BCI probe (Z probe ), which is shown in Equation (2), is measured by a vector network analyzer (VNA) and applied to Equation (1), resulting in the frequency-dependent relative permeability shown in Equation (3) . According to the physical dimensions of the actual probe, the cross-sectional area A and the circular length l are set to 10 cm 2 and 7π cm, respectively.
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To apply the extracted relative permeability to the 3D EM model of the probe, the Debye dispersion model given in Equation (4) is applied. The sum of X n represents the initial value of the relative permeability when the frequency is zero, and τ n represents the relaxation time of the ferrite core which is related to the frequency dependence of the permeability. The values of X n and τ n can be obtained through iterative fitting procedures by comparing the extracted permeability and the Debye dispersion model [10] . In this work, the complete fifth-order Debye dispersion model is presented as in Equation (5) and compared with the extracted permeability as shown in Figure 2b . The red and blue lines represent the extracted permeability and the Debye dispersion model, respectively, presenting a noticeable correlation between them with a maximum error of 8.82 percent. The obtained Debye model is applied to the 3D EM model of the probe as the frequency-dependent relative permeability.
To improve the accuracy of the 3D EM model, the conductivity of the ferrite core is extracted via resistance measurement. Equation (6) represents the analytic model for the conductivity of a toroidal-shaped structure [14] . The measurement of the resistance between both ends of the ferrite core is conducted based on multipoint measurement using a digital multimeter, and the measured resistance is applied to Equation (6) to obtain the measurement-based conductivity of the ferrite core. The measured resistance and the associated conductivity are 11.04 (Ω) and 1.97 (S/m), respectively, and the conductivity is applied to the 3D EM model.
The 3D EM model of the BCI probe consisting of an outer shield and inner ferrite cores with a turn ratio of 1:1 is shown in Figure 3a . The height, outer diameter, and inner diameter of the BCI probe are modeled as having identical dimensions to the actual probe, and a coaxial port with 50 Ω is modeled as the input port [15] . The simulated and measured input impedance of the BCI probe is shown in Figure 3b . The red and blue lines represent the input impedance of the actual probe and 3D EM model, respectively. The input impedance of the 3D EM model exhibits a noticeable correlation with the measured input impedance of the actual probe with a maximum error of 6.55 percent up to 5 MHz, which is the carrier frequency of the conducted noise in this work. Based on this result, the 3D EM model can replace the actual probe in the simulation-based CS test platform. 
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(1) is modeled as the input port [15] . The simulated and measured input impedance of the BCI probe is shown in Figure 3b . The red and blue lines represent the input impedance of the actual probe and 3D EM model, respectively. The input impedance of the 3D EM model exhibits a noticeable correlation with the measured input impedance of the actual probe with a maximum error of 6.55 percent up to 5 MHz, which is the carrier frequency of the conducted noise in this work. Based on this result, the 3D EM model can replace the actual probe in the simulation-based CS test platform.
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Calibration Jig Modeling
As specified in the IEC standard, a calibration jig is required to inject the appropriate conducted noise through the BCI probe. In this work, a 3D EM model of a Teseq PCJ9201B is used to calibrate the conducted noise source. The 3D EM model of the calibration jig, which is modeled as having identical dimensions to the actual jig, is shown in Figure 4a , and the transmission loss of the calibration jig is compared to validate the 3D EM model. The measurement and simulation results of the transmission loss are shown in Figure 4b . The results indicate that at 300 MHz, the transmission loss of the 3D EM model is approximately 0.18 dB lower than that of the actual jig. However, because 300 MHz is not the frequency range of interest for the IEC standard, the 3D EM model is used to set the test level of the conducted noise in the proposed method. 
As specified in the IEC standard, a calibration jig is required to inject the appropriate conducted noise through the BCI probe. In this work, a 3D EM model of a Teseq PCJ9201B is used to calibrate the conducted noise source. The 3D EM model of the calibration jig, which is modeled as having identical dimensions to the actual jig, is shown in Figure 4a , and the transmission loss of the calibration jig is compared to validate the 3D EM model. The measurement and simulation results of the transmission loss are shown in Figure 4b . The results indicate that at 300 MHz, the transmission loss of the 3D EM model is approximately 0.18 dB lower than that of the actual jig. However, because 300 MHz is not the frequency range of interest for the IEC standard, the 3D EM model is used to set the test level of the conducted noise in the proposed method. With the 3D EM model of the calibration jig, the test level applied to the BCI probe must be set prior to the CS test. The calibration procedure specified in the IEC standard is as follows: with the BCI probe installed inside the calibration jig, one port of the calibration jig should be terminated with a 50 Ω coaxial load and the other with a power attenuator, and the power attenuator should be connected to measuring equipment with a 50 Ω input impedance. In this stage, an unmodulated signal is injected to the BCI probe from the signal generator. The output level of the signal generator must be increased until the voltage level measured by the measuring equipment reaches half of the desired test level given in Table 1 through the calibration jig. Finally, the calibrated noise is amplitude-modulated with a 1 kHz sine wave, which is specified in the standard, to simulate the actual threats of the conducted noise. In the proposed method, conducted noise with test level 1 and a carrier frequency of 5 MHz is used. With the 3D EM model of the calibration jig, the test level applied to the BCI probe must be set prior to the CS test. The calibration procedure specified in the IEC standard is as follows: with the BCI probe installed inside the calibration jig, one port of the calibration jig should be terminated with a 50 Ω coaxial load and the other with a power attenuator, and the power attenuator should be connected to measuring equipment with a 50 Ω input impedance. In this stage, an unmodulated signal is injected to the BCI probe from the signal generator. The output level of the signal generator must be increased until the voltage level measured by the measuring equipment reaches half of the desired test level given in Table 1 through the calibration jig. Finally, the calibrated noise is amplitude-modulated with a 1 kHz sine wave, which is specified in the standard, to simulate the actual threats of the conducted noise. In the proposed method, conducted noise with test level 1 and a carrier frequency of 5 MHz is used. 
Noise Source Modeling
In this section, a method for conducted-noise injection through the BCI probe and the modeling of a noise source to generate the conducted noise is presented. To inject the conducted noise to the power cable of the EUT through the BCI probe, three-port S-parameters with the power cable of the EUT and the BCI probe on the reference ground plane are modeled, as shown in Figure 5a . The power cable of the EUT is modeled by copper wire with a diameter of 0.6 mm and is installed at a distance of 40 mm from the reference ground plane; thus, it is located at the center of the BCI probe to minimize the capacitive coupling between BCI probe and copper wire. In the three-port S-parameters with the BCI probe, the noise source comprising the three voltage sources is connected to the input port of the BCI probe. 
In this section, a method for conducted-noise injection through the BCI probe and the modeling of a noise source to generate the conducted noise is presented. To inject the conducted noise to the power cable of the EUT through the BCI probe, three-port S-parameters with the power cable of the EUT and the BCI probe on the reference ground plane are modeled, as shown in Figure 5a . The power cable of the EUT is modeled by copper wire with a diameter of 0.6 mm and is installed at a distance of 40 mm from the reference ground plane; thus, it is located at the center of the BCI probe to minimize the capacitive coupling between BCI probe and copper wire. In the three-port S-parameters with the BCI probe, the noise source comprising the three voltage sources is connected to the input port of the BCI probe. To simulate the actual threats of the conducted noise as specified in the IEC standard, a signal generator that can generate the 1 kHz sine wave with 80% amplitude modulated radio-frequency (RF) signal is required. In the proposed method, the signal generator is modeled by three voltage sources (V , V , and V ) based on the superposition principle. The voltage source V is a carrier source of conducted noise and operates at a carrier frequency. The operating frequencies of the remaining modulation sources V and V are set as ±1 kHz from the carrier frequency to achieve 1 kHz modulation. The power of the modulation sources is set as 40% of that of the carrier source to achieve 80% amplitude modulation. In this work, the conducted noise with test level 1 and a carrier frequency of 5 MHz is used among those available for the case studies. To satisfy the test level 1 of conducted noise specification, the amplitudes of the carrier and modulated sources are set as 50.05 and 20.02 V, respectively, by using the 3D EM model of the calibration jig and the BCI probe. Additionally, the operating frequencies of the V , V , and V are set as 5, 4.999, and 5.001 MHz, respectively. With the calibrated noise source, the modulated conducted noise applied to the power cable of the EUT is shown in Figure 5b . In the proposed method, the conducted noise generated from the calibrated noise source is injected into the power cable of the EUT to evaluate the immunity to the conducted noise of the EUT. To simulate the actual threats of the conducted noise as specified in the IEC standard, a signal generator that can generate the 1 kHz sine wave with 80% amplitude modulated radio-frequency (RF) signal is required. In the proposed method, the signal generator is modeled by three voltage sources (V C , V m1 , and V m2 ) based on the superposition principle. The voltage source V C is a carrier source of conducted noise and operates at a carrier frequency. The operating frequencies of the remaining modulation sources V m1 and V m2 are set as ±1 kHz from the carrier frequency to achieve 1 kHz modulation. The power of the modulation sources is set as 40% of that of the carrier source to achieve 80% amplitude modulation. In this work, the conducted noise with test level 1 and a carrier frequency of 5 MHz is used among those available for the case studies. To satisfy the test level 1 of conducted noise specification, the amplitudes of the carrier and modulated sources are set as 50.05 and 20.02 V, respectively, by using the 3D EM model of the calibration jig and the BCI probe. Additionally, the operating frequencies of the V C , V m1 , and V m2 are set as 5, 4.999, and 5.001 MHz, respectively. With the calibrated noise source, the modulated conducted noise applied to the power cable of the EUT is shown in Figure 5b . In the proposed method, the conducted noise generated from the calibrated noise source is injected into the power cable of the EUT to evaluate the immunity to the conducted noise of the EUT.
EUT Modeling
A simple WPT system composed of a transmitter circuit, coils, and a receiver circuit is employed and modeled as the EUT for the simulation-based CS test. The transmitter circuit of the WPT system is composed of an NE555 oscillator and a metal-oxide semiconductor field-effect transistor (MOSFET) amplifier, and the receiver circuit is composed of a simple full-bridge rectifier circuit. In the transmitter circuit, a 125 kHz clock signal is generated from the NE555 oscillator and amplified by the MOSFET amplifier. The amplified waveforms are transferred to the receiver coil wirelessly via electromagnetic induction. The transferred waveforms are rectified by a full-bridge rectifier circuit and then terminated at the load resistance in the receiver circuit. The conventional SPICE model of the NE555 oscillator and MOSFET transistors is applied to complete the EUT modeling.
The complete simulation-based CS test platform comprising the BCI probe, noise source, and EUT is shown in Figure 6 . The conducted noise, after being amplified by the power amplifier, is injected into the power cable of the WPT system through the BCI probe, which is modeled as the three-port S-parameters extracted by using a 3D EM solver as described in the previous section. According to the IEC standard, the decoupling components are required to protect the AE from the conducted noise. In the proposed method, the decoupling devices are modeled as 15.6 µH inductance and 47 nF capacitance and applied between the BCI probe and the +5V voltage source. As the EUT of the proposed method, the transmitter circuits of the WPT system are modeled by using the conventional SPICE model of the NE555 oscillator, MOSFET transistors, and the passive components which are set to an operating frequency of 125 kHz. To transmit power wirelessly, the coupled WPT coils are applied to the circuit simulator as S-parameters and a resonant capacitor of 48 nF is applied to maximize the transfer efficiency. In the receiver circuits, a full-bridge rectifier circuit is used to obtain the DC output voltage with an RC load. The parasitic elements of the measurement-based CS test setup are modeled as the 0.27 µH inductance between the reference ground plane and the ground port of the EUT. Additionally, the cable inductance of the −5 V voltage source is applied to the circuit simulator as the 0.9 µH inductance to achieve a high accuracy in the simulation-based CS test. The proposed method is completed in the circuit simulator and verified through comparison with the measurements. amplified by the MOSFET amplifier. The amplified waveforms are transferred to the receiver coil wirelessly via electromagnetic induction. The transferred waveforms are rectified by a full-bridge rectifier circuit and then terminated at the load resistance in the receiver circuit. The conventional SPICE model of the NE555 oscillator and MOSFET transistors is applied to complete the EUT modeling.
The complete simulation-based CS test platform comprising the BCI probe, noise source, and EUT is shown in Figure 6 . The conducted noise, after being amplified by the power amplifier, is injected into the power cable of the WPT system through the BCI probe, which is modeled as the three-port S-parameters extracted by using a 3D EM solver as described in the previous section. According to the IEC standard, the decoupling components are required to protect the AE from the conducted noise. In the proposed method, the decoupling devices are modeled as 15.6 µH inductance and 47 nF capacitance and applied between the BCI probe and the +5V voltage source. As the EUT of the proposed method, the transmitter circuits of the WPT system are modeled by using the conventional SPICE model of the NE555 oscillator, MOSFET transistors, and the passive components which are set to an operating frequency of 125 kHz. To transmit power wirelessly, the coupled WPT coils are applied to the circuit simulator as S-parameters and a resonant capacitor of 48 nF is applied to maximize the transfer efficiency. In the receiver circuits, a full-bridge rectifier circuit is used to obtain the DC output voltage with an RC load. The parasitic elements of the measurement-based CS test setup are modeled as the 0.27 µH inductance between the reference ground plane and the ground port of the EUT. Additionally, the cable inductance of the −5 V voltage source is applied to the circuit simulator as the 0.9 µH inductance to achieve a high accuracy in the simulation-based CS test. The proposed method is completed in the circuit simulator and verified through comparison with the measurements. Figure 7a illustrates a measurement-based CS testing method based on the IEC standard used to verify the compatibility of the proposed method with the international standard. The measurement-based CS test setup is composed of an Agilent 8664A to generate conducted noise, as specified in the IEC standard. To amplify the conducted noise, an ENI603L power amplifier with a gain of 40 dB from 800 kHz to 1 GHz is used. A Teseq CIP9136A BCI probe is employed to inject the conducted noise into the power cable of the EUT. Waveforms in the transmitter and receiver circuits Figure 7a illustrates a measurement-based CS testing method based on the IEC standard used to verify the compatibility of the proposed method with the international standard. The measurement-based CS test setup is composed of an Agilent 8664A to generate conducted noise, as specified in the IEC standard. To amplify the conducted noise, an ENI603L power amplifier with a gain of 40 dB from 800 kHz to 1 GHz is used. A Teseq CIP9136A BCI probe is employed to inject the conducted noise into the power cable of the EUT. Waveforms in the transmitter and receiver circuits that depend on conducted noise injection are measured by digital oscilloscopes. Figure 7b shows the fabricated WPT system as the EUT for the CS test. The WPT system is fabricated on an FR-4 substrate with a thickness of 0.8 mm and is designed to operate at 125 kHz. To maximize the transfer efficiency of the WPT system, 31.5 µH coils and 48 nF resonance capacitors are used, and the distance between the coils is set as 1 cm. The transmitted-voltage waveforms depending on the conducted-noise injection are shown in Figure 8b . With the impact of the conducted noise, the pk-pk voltage amplitude and the frequency of the transmitted-voltage waveform fluctuates, and the voltage peaks and valleys are obtained at intervals of 1 ms, which is associated with the modulating frequency of the conducted-noise specification. To verify the proposed method, the peaks and valleys of the waveform are sampled by the oscilloscope and compared with those of the voltage waveforms for the simulation-based CS testing method. Figure 9 shows the simulation and measurement results for the sampled voltage waveforms at the transmitting coil depending on the conducted-noise injection. The waveforms are accumulated with a timing window associated with the center frequency which is shifted from the operating frequency due to the conducted noise impact. The impact of the conducted noise on the transmitter circuits is shown in Figure 9a ,b. With the conducted-noise injection, the pk-pk voltage amplitude is severely degraded from 21.95 to 20.13 V, and the operating frequency is shifted from 125 to 138.4 kHz in the measurement-based test. In the simulation results, the transmitted-voltage waveforms are degraded from 18.23 to 14.9 V with the operating frequency shifting effect. Even though the absolute values have discrepancies caused by the parasitics of the measurement-based The transmitted-voltage waveforms depending on the conducted-noise injection are shown in Figure 8b . With the impact of the conducted noise, the pk-pk voltage amplitude and the frequency of the transmitted-voltage waveform fluctuates, and the voltage peaks and valleys are obtained at intervals of 1 ms, which is associated with the modulating frequency of the conducted-noise specification. To verify the proposed method, the peaks and valleys of the waveform are sampled by the oscilloscope and compared with those of the voltage waveforms for the simulation-based CS testing method. Figure 9 shows the simulation and measurement results for the sampled voltage waveforms at the transmitting coil depending on the conducted-noise injection. The waveforms are accumulated with a timing window associated with the center frequency which is shifted from the operating frequency due to the conducted noise impact. The impact of the conducted noise on the transmitter circuits is shown in Figure 9a ,b. With the conducted-noise injection, the pk-pk voltage amplitude is severely degraded from 21.95 to 20.13 V, and the operating frequency is shifted from 125 to 138.4 kHz in the measurement-based test. In the simulation results, the transmitted-voltage waveforms are degraded from 18.23 to 14.9 V with the operating frequency shifting effect. Even though the absolute values have discrepancies caused by the parasitics of the measurement-based CS test setup and the reliability of the active circuit models, the results of the proposed method exhibit a good correlation with the measurement results in terms of the degradation tendency due to conducted noise. Regarding the receiver side, the CS test results for the voltage waveforms at the receiving coil are shown in Figure 10 . With the conducted noise, the pk-pk voltage amplitude of the receiver coil is degraded by 13% in the measurement-based CS test and 11% in the simulation-based CS test. Similar to the case of the transmitter circuits, due to the conducted noise, the measured frequency of the received-voltage waveform increases from 125 to 138.4 kHz, and the simulated frequency of the received-voltage waveform increases from 125 to 131.6 kHz. Regarding the receiver side, the CS test results for the voltage waveforms at the receiving coil are shown in Figure 10 . With the conducted noise, the pk-pk voltage amplitude of the receiver coil is degraded by 13% in the measurement-based CS test and 11% in the simulation-based CS test. Similar to the case of the transmitter circuits, due to the conducted noise, the measured frequency of the received-voltage waveform increases from 125 to 138.4 kHz, and the simulated frequency of the received-voltage waveform increases from 125 to 131.6 kHz. In the same manner, the DC output voltage is drastically degraded from 4.28 to 4.16 V (by 2.8%) and from 4.63 to 4.35 V (by 6%) in the measurement-and simulation-based CS tests, respectively. Table 2 summarizes the comparison results of the measured and simulated voltage waveforms. Although the absolute values of the simulation-based test results have discrepancies, which can be exacerbated depending on the modeling for the parasitic element of the measurement-based test setup and the SPICE models for the active components, the impact of the conducted noise in the simulation-based test is verified by the measurement results. According to the comparison results, it is confirmed that the proposed simulation-based CS testing method is useful for estimating the impact of conducted noise on WPT systems. In the same manner, the DC output voltage is drastically degraded from 4.28 to 4.16 V (by 2.8%) and from 4.63 to 4.35 V (by 6%) in the measurement-and simulation-based CS tests, respectively. Table 2 summarizes the comparison results of the measured and simulated voltage waveforms. Although the absolute values of the simulation-based test results have discrepancies, which can be exacerbated depending on the modeling for the parasitic element of the measurement-based test setup and the SPICE models for the active components, the impact of the conducted noise in the simulation-based test is verified by the measurement results. According to the comparison results, it is confirmed that the proposed simulation-based CS testing method is useful for estimating the impact of conducted noise on WPT systems.
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The parasitic modeling is significant to achieve the reliability of the proposed simulation-based system-level CS testing method, considering the measurement setup is physically large enough to affect the AC simulation results in even the low-frequency region. Figure 11 shows the sensitivity analysis of the operating frequency and the pk-pk voltage amplitude of the received-voltage waveforms depending on the wire inductance. The optimal values of the parasitic inductance for the GND and −V DD connecting wires are experimentally obtained as 0.27 uH and 0.9 uH, respectively. Without proper modeling of the parasitics in the measurement setup, it is difficult to achieve the correlation between the measurement and simulation results. However, once the parasitics are set to the optimal values, they can be utilized with a variety of EUTs with significant reliability from the proposed method. The parasitic modeling is significant to achieve the reliability of the proposed simulation-based system-level CS testing method, considering the measurement setup is physically large enough to affect the AC simulation results in even the low-frequency region. Figure 11 shows the sensitivity analysis of the operating frequency and the pk-pk voltage amplitude of the received-voltage waveforms depending on the wire inductance. The optimal values of the parasitic inductance for the GND and −VDD connecting wires are experimentally obtained as 0.27 uH and 0.9 uH, respectively. Without proper modeling of the parasitics in the measurement setup, it is difficult to achieve the correlation between the measurement and simulation results. However, once the parasitics are set to the optimal values, they can be utilized with a variety of EUTs with significant reliability from the proposed method.
(a) (b) Figure 11 . The sensitivity analysis results for the operating frequency and the pk-pk voltage amplitude of the received-voltage waveforms depending on (a) GND wire inductance; (b) -VDD wire inductance.
Application to the Evaluation of Conducted-Noise Filters
As an application of the proposed method, a simulation-based conducted-noise filter evaluation has been conducted. Conducted-noise filters are typically used to prevent the conducted noise in a system by applying them to the power cable of the system. To evaluate conducted-noise filters with the proposed CS testing method, the conducted-noise filters are installed between the BCI probe and the WPT system to alleviate the impact of conducted noise on the system. To quantify the effectiveness of the filters, an FOM which presents the performance of the conducted-noise filter is proposed. With the proposed FOM, the simulation-based conducted-noise filter evaluation was conducted and verified by measurement. 
As an application of the proposed method, a simulation-based conducted-noise filter evaluation has been conducted. Conducted-noise filters are typically used to prevent the conducted noise in a system by applying them to the power cable of the system. To evaluate conducted-noise filters with the proposed CS testing method, the conducted-noise filters are installed between the BCI probe and the WPT system to alleviate the impact of conducted noise on the system. To quantify the effectiveness of the filters, an FOM which presents the performance of the conducted-noise filter is proposed. With the proposed FOM, the simulation-based conducted-noise filter evaluation was conducted and verified by measurement.
The conducted-noise filters with different insertion losses are depicted in Figure 12a . The insertion loss of the filters was measured as the transmission loss using a VNA, and the transmission-loss measurement results with a port impedance of 50 Ohms are shown in Figure 12b . The results indicate that the transmission losses of filters 1, 2, and 3 at 5 MHz were −5.5, −6.9, and −11.9 dB, respectively. According to the transmission losses, it is expected that a larger conducted-noise filter has a better noise-suppression effect. The conducted-noise filters and the measured S-parameter models of the filters were applied between the power cable of the WPT system and the BCI probe in the measurementand simulation-based CS test platform, respectively, and the voltage waveforms of each CS testing method are compared to validate the applicability of the proposed method to the component evaluation. −11.9 dB, respectively. According to the transmission losses, it is expected that a larger conducted-noise filter has a better noise-suppression effect. The conducted-noise filters and the measured S-parameter models of the filters were applied between the power cable of the WPT system and the BCI probe in the measurement-and simulation-based CS test platform, respectively, and the voltage waveforms of each CS testing method are compared to validate the applicability of the proposed method to the component evaluation. The impact of the conducted noise on the receiver circuits in the measurement-based evaluation is shown in Figure 13a . As observed previously, the operating frequency and received pk-pk voltage amplitude were degraded from their normal operating values. With the conducted-noise filters, the received-voltage waveforms tended to be restored before the conducted noise was injected, depending on the noise-suppression efficiency. The received-voltage waveforms for the different conducted-noise filters in the simulation-based evaluations are shown in Figure 14 . In the proposed method, the filters are modeled as two-port S-parameters and applied between the BCI probe model and the EUT as in the measurement setup. As with the measurement-based evaluation results, the impact of the conducted noise decreased as the noise-suppression efficiency of the filter increased. The impact of the conducted noise on the receiver circuits in the measurement-based evaluation is shown in Figure 13a . As observed previously, the operating frequency and received pk-pk voltage amplitude were degraded from their normal operating values. With the conducted-noise filters, the received-voltage waveforms tended to be restored before the conducted noise was injected, depending on the noise-suppression efficiency. The received-voltage waveforms for the different conducted-noise filters in the simulation-based evaluations are shown in Figure 14 . In the proposed method, the filters are modeled as two-port S-parameters and applied between the BCI probe model and the EUT as in the measurement setup. As with the measurement-based evaluation results, the impact of the conducted noise decreased as the noise-suppression efficiency of the filter increased.
insertion loss of the filters was measured as the transmission loss using a VNA, and the transmission-loss measurement results with a port impedance of 50 Ohms are shown in Figure 12b . The results indicate that the transmission losses of filters 1, 2, and 3 at 5 MHz were −5.5, −6.9, and −11.9 dB, respectively. According to the transmission losses, it is expected that a larger conducted-noise filter has a better noise-suppression effect. The conducted-noise filters and the measured S-parameter models of the filters were applied between the power cable of the WPT system and the BCI probe in the measurement-and simulation-based CS test platform, respectively, and the voltage waveforms of each CS testing method are compared to validate the applicability of the proposed method to the component evaluation. The impact of the conducted noise on the receiver circuits in the measurement-based evaluation is shown in Figure 13a . As observed previously, the operating frequency and received pk-pk voltage amplitude were degraded from their normal operating values. With the conducted-noise filters, the received-voltage waveforms tended to be restored before the conducted noise was injected, depending on the noise-suppression efficiency. The received-voltage waveforms for the different conducted-noise filters in the simulation-based evaluations are shown in Figure 14 . In the proposed method, the filters are modeled as two-port S-parameters and applied between the BCI probe model and the EUT as in the measurement setup. As with the measurement-based evaluation results, the impact of the conducted noise decreased as the noise-suppression efficiency of the filter increased. The measurement-and simulation-based evaluation results for the DC output amplitude in the receiver circuits are shown in Table 3 . In both the measurement-and simulation-based evaluations, The measurement-and simulation-based evaluation results for the DC output amplitude in the receiver circuits are shown in Table 3 . In both the measurement-and simulation-based evaluations, the WPT system had the highest DC output voltage when filter 3 was applied and the least degradation due to the conducted noise. The evaluation results indicate that the impact of conducted noise on the WPT system decreased as the noise-suppression efficiency of the conducted-noise filter increased. To quantitatively evaluate the performance of the conducted-noise filters, an FOM, which is a function of the pk-pk voltage amplitude and frequency of the received-voltage waveforms, is proposed. The measurement and simulation results for the received waveforms are summarized in Table 4 . The conventional FOM has a larger value as the performance of the evaluation object is better. To reflect this characteristic, the voltage and frequency of the received-voltage waveforms are applied to the numerator and denominator of the proposed FOM derived in Equation (7), respectively, to increase or reduce the value of the FOM depending on the impact of conducted noise on the receiver circuits. For example, the numerator defined by the ratio between the pk-pk voltage amplitude with and without conducted-noise has a range of less than 1 because the amplitude decreases with the noise injection. In the same manner, the denominator has a range of more than 1 with conducted noise because the frequency of the waveforms is shifted to a higher frequency with the noise. By their combination, the proposed FOM has a value of 1 in an ideal case without noise, or a lower value depending on the noise injection strength. Figure 15 shows the performance of the conducted filter evaluated using the proposed FOM based on the measurement and simulation results presented in Table 4 .
FOM =
V Rx (with noise)/V Rx (without noise) F Rx (with noise)/F Rx (without noise) As can be observed in the evaluation results, the simulation results have discrepancies compared to the measurement. The error of the evaluation result can be exacerbated depending on the modeling for the parasitic element of the measurement-based test setup and the SPICE models for the active components, as discussed in the previous section. However, the tendency of the FOM depending on the shielding efficiency of the filter in the simulation-based filter evaluation was successfully verified by the measurement.
Conclusions
In this paper, a simulation-based system-level CS testing method for a WPT system was proposed. The simulation-based CS testing method employs 3D EM models and equivalent circuit models replacing the measurement-based CS testing method based on the IEC standard. The BCI probe and calibration jig in the specification were modeled as 3D EM models and verified by measurements with a maximum error of 6.55% and 0.18 dB, respectively. The conducted-noise sources and EUT were modeled in a circuit simulator as equivalent-circuit models. A WPT system was fabricated and modeled as the EUT for the measurement-and simulation-based CS testing methods. The proposed method was verified by comparing the voltage waveforms with those of the As can be observed in the evaluation results, the simulation results have discrepancies compared to the measurement. The error of the evaluation result can be exacerbated depending on the modeling for the parasitic element of the measurement-based test setup and the SPICE models for the active components, as discussed in the previous section. However, the tendency of the FOM depending on the shielding efficiency of the filter in the simulation-based filter evaluation was successfully verified by the measurement.
In this paper, a simulation-based system-level CS testing method for a WPT system was proposed. The simulation-based CS testing method employs 3D EM models and equivalent circuit models replacing the measurement-based CS testing method based on the IEC standard. The BCI probe and calibration jig in the specification were modeled as 3D EM models and verified by measurements with a maximum error of 6.55% and 0.18 dB, respectively. The conducted-noise sources and EUT were modeled in a circuit simulator as equivalent-circuit models. A WPT system was fabricated and modeled as the EUT for the measurement-and simulation-based CS testing methods. The proposed method was verified by comparing the voltage waveforms with those of the measurement-based CS test results. Additionally, a simulation-based conducted-noise filter evaluation was conducted to confirm the applicability of the proposed method to the evaluation of EMC protection devices. To quantitatively evaluate the performance of the conducted-noise filters, an FOM related to the received-voltage waveforms was proposed. The conducted-noise filters were applied to the proposed and measurement-based CS testing methods and evaluated according to the proposed FOM. According to the evaluation results, the tendency of the FOM in the simulation-based CS testing method was successfully verified by the measurements. It is expected that the proposed simulation-based CS testing method is useful for estimating the impact of conducted noise on WPT systems, and the inefficiencies of the measurement-based CS testing method can be improved by the proposed simulation-based CS testing method. Funding: This research received no external funding.
